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apparent to the investigator as he gains facility using and axe considering an infinite chain of square veils, 
the diagrams- With this assumption, we may write 

Denoting conngtirationaJ average by a subscripted 



+ (ff^i,^ >.+ <£T W . wft. (*A) 

By the same argument we could combine, for instance, 
terms two and five, although this simplification is not 
used in Eq. (27). However, terms two and three axe 
not identical, nor is 

iince terms whose indices can be made identical by {B t £ u <J) 4 ={{Ru))AB tt *{))<> 
replacing t by *+/ are equal to each other. Strictly Tbese latter points can be proved by direct computation 
speaking, this means that we are neglecting end effects using the probability distribution functions (25). 



angular bracket, we have 

+ (5A) 
We may eliminate the summation and the factor N~ l 
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The solubility of carbon in silicon has been meuuted over the temperature range 1560 to 2900*C. Tins 
enthalpy of solution is 59±3 kcal/mok. A phase diagram for tha system Si— C & presented, embodying these 
solubility data as veil as tbe results of other Mgh-tecaperaturH eq)erim«nts wito. slzcon carbide. It h found 
that SIC pouesses a peritectie point 2S30=b4O"C. These studies were tarried out in axgou at pressures 
as high aa 35 atmca. Solubilities of carbon in gerxwniuni were measured in the temperature range 2780 to 
3170*C t at organ pressures up to 55 atraos, and a tsautwe phis* diagrun is jpvtb. 



EXPERIMENTS WITH SILICON 
Introduction 

VTEITHER the solubility of carbon in silicon at 
ill high temperatures, nor the phase diagram of the 
tiysteTn Si— C is known. Nowotny tt at J in working 
with the ternary system Mo-Si-C, proposed two 
possible phase diagrams for the system Si-C. These 
were for pressures leas than one atmosphere and were 
based on a limited number of experimental points so 
that a decision between the two could not be made. 
The solubility of C in liquid Si has been measured by 
Hall 1 up to 17KFC. Others 1 have found Si as an impurity 
in natural diamond, although the conditions of forma- 
tion axe of course unknown. We present here some 
solubility measurements in liquid Si up to 2900*C, and a 
proposed phase diagram for the system- 
Experimental Procedure 

The experiments were carried out in a 50-kw graphite 
resistance furnace heated by 20 v maximum, 60-cy 

1 Nowotny, Forthc* Rlcffcr, and Benesovsky, Monatsh. Chem. 

4 R. N. HaU, J. AiipL Phys. 2*. 914 (1958), 
*F. a Chealcy, Ai Mineralogiat 27, 20 (1942); F. A. Rail, 
ibid. 42, 354 (1057). 



ac. This was enclosed in a water-cooled pressure vessel- 
Argon at a pressure of 35 atmos was used to reduce 
the tendency of the silicon to evaporate. The vapor 
pressure of silicon is about one atmosphere at 2S00°C |{ 
over both Si* and SiC. s Figure 1 shows the arrangement 
of the silicon container, heater, and shields which were 
used above 2OO0 C C. The entire assembly was of graphite 
and was supported from the current terminals. On the 
basis of melting point measurements on iridium wires, 
the temperature variation over the container was be- 
lieved to be not over =h25°C from the value at the point . 
of measurement. The mounting of the container within 
the heater tube was such that no current passed through 
the Si charge. In this way, changes in the state of the 
Si, and hence in its electrical resistivity, did not affect 
the temperature distribution. 

The Si was du Pont hyperpure grade, ground with a 
Pyrex mortar and pestle, screened, and leached with 
HF to remove any glass contamination in the Si from 
the mortar. The graphite container was filled with 
100 mesh Si (about 0.5 g) and closed with a graphite 
end plug. No carbon was added; the carbon which was 



* R. JE- Hofli& J. Ch«a. Pby». 22, 1610 (1954). 

* Drowart, d« Maria, uvd Inghram, J. Chem. Pbys. 29. 1015 
(1958). 
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Fig. 1. Graphite resistance furnace <audaJ Cntes section). 

taken into solution by the liquid silicon came from the 
walls of the container. 

After assembly of the furnace, the pressure vessel 
was evacuated; it was then refilled twice with argon to 
a pressure of 20 aunos, vented to atmospheric pressure 
each time, and finally filled to the operating pressure. A 
manostat maintained the pressure within ±1 atmos. 

The length of time that the charge was kept at the 
operating temperature was a compromise. A long time 
ensured equilibrium, but for long times the Si loss 
became excessive with graphite containers. Usually 
temperature was kept constant at the desired value 
tor periods of one-half to two minutes. No dependence 
of the C solubility upon the duration of run was ob- 
served. The charge was cooled as rapidly as possible 
after the run by simply shutting off the power to the 
furnace. Initial cooling rates of 50°C/sec were typical. 

Analysis 

The carbon which was in solution in the liquid silicon 
at high temperatures crystallises as SiC upon cooling. 
The Si slug coatainiag the SiC was recovered by oxidiz- 
ing away the graphite reaction vessel at 110O*C in an 
Oi atmosphere. Less than 0.2 mg of Sift was produced 
by this treatment. The original charge of Si could be 
accounted for in four portions: 

1. Some had reacted with the container, forming a 
mkrocrystalline mass of SiC within the pores of the 
graphite container. Use of a dense graphite (1.90 
g/cm 1 )* for the containers was necessary to avoid 
excessive losses in this way. This loss occurred mainly 
during the furnace warmup after the silicon liquified, 
and in unfavorable cases amounted to over 50 percent 
of the initial charge. 

2. Some remained within the container as elemental 
Si, frozen into a small slug. This generally ranged from 
10 percent to 60 percent of the initial charge of 500 mg, 
depending on the porosity of the container. 

Some precipitated as SiC during cooling of the 
furnace. Most of the SiC was enclosed within the frozen 



• We an indebwd to R. U SW of the National Carbon 
Company Reataicn Laboratories, for some Kkfopte of a suitable 
ttgb-pupry graphite. 



mass of Si, although some may have segregated to the 
surface of the Si. No free C remained within the piece of 
silicon, as determined both by microscopic examination 
and by chemical analysis of die residue which remained 
after the silicon was removed by etching, 

4. Little if any Si was lost by evaporation because of 
the blanketing effect of the argon and the low porosity 
of the graphite container. 

The slug of elemental 5i containing the precipitated 
sQicon carbide was lightly sandblasted to remove SiC 
which was formed in the walls of the graphite container 
and adhered to the surface of the slug. A thin layer o; 
silicon (less than 25 m) removed from the slug 
during the sandblasting. After the sandblasted slug 
was weighed, the Si was etched away in a mixture of l 
part HF to $ parts HN"Oj, The SiC residue, which was 
not attacked by the etch, was dried and weighed. The 
carbon solubility at the operating temperature of the 
furnace was computed from the ratio of the mass of 
SiC to the mass of Si in the slug. 

The major source of error in this procedure was the 
separation of the SiC formed by surface reaction with 
the container from that formed by reaction with dis- 
solved carbon. It is felt that the experiments done in 
graphite gave a lower limit to the solubility of C in Si. 
because some dissolved SiC which was segregated to the 
surface during cooling may have been lost in sand- 
blasting. Because only a thin layer was removed it U 
believed that at least 90 percent Of the SiC is retained 
in the slug. Also, from the reproducibility of experi- 
ments one concludes that this loss was not serious. 
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' J. H. Racttte (private eotrnminiculoa). 
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Fie- 4, The solubility of C in Gc as i function of temperature, 

experiments show an apparent increase in solubility 
as the duration of the experiment is increased. 

The linear portion of the curve below 1A% carbon 
" as a slop* corresponding to an enthalpy of solution of 
J kcal/mote, as calculated from the expression 

*-Btp((AH/«ai/D^(i/r^3|. (I) 

In this equation, * is the fractional atomic concentra- 
tion of wbon in silicon at temperature T f MI is the 
enthalpy of solution, R is the gas constant per mole, 
and Tvi is the temperature intercept at unit carbon 
fraction obtained by extrapolation of the linear portion 
of the solubility curve. Depending on ho* the line is 
dram through the data points, may vary ±3 
teal/mole. 

In the course of these experiments it seemed worth- 
while to explore as much of the phase diagram of the 
system Si-C as was accessible. Attempts were made to 
melt SiC in graphite containers simila r to thoscused. iar 
the solubility e^qmejte^fera was>, 
/well in excess of the decomposition pressure in all/ 
Experiments. A* aan^ormatfoIT'oFsbine "originally light 
g fB e n, t y pc'6H, hexagonal, 120-mesh, SiC grain to. a 
markedly different structure occurred at temperatures 
of 2830^b40°C and above, The SiC found after the 
transformation was cubits as analyzed by x-rays. 
Hearing to Wer tmperaftre? resulted only in a sinter* 
ing together of the grains without any gross structural 
change This eaperiment was repeated with cubic SiC 
gram as the initial charge. It decomposed at the same 
-perature, and the SiC found after the transforma- 
i . *j was also cubic. From this, and from evidence 
! gained from other experiments with SiC at elevated 
! temperatures, we conclude that SiC decomposes without 
Jij congruent melting, resulting in a silicon-rich liquid in. 



equilibrium with graphite at temperatures from 283<) 0 ( t - | 
to at least 3160*0, The Hquid composition at this latter 
temperature is approximately 50 atom percent carbon. 
When the liquid resulting from the decomposition t> f 
SiC is cooled below the decomposition temperature, 
the Si reacts with the dissolved and suspended c&rl*m 
to form the cubic SiC found by x-ray analysis. 
. E^erhnents have also been performed in which 1 cuhk 
SiC grains have been heated in graphite tubes in chi* 
furnace to temperatures slightly below 2S30T. At thv 
end of a run lasting several minutes the original cubic 
SiC is still present although slightly sintered together. 
Other experiments have been conducted in this appara- 
tus in which both cubic and hexagonal crystals of $i< 
have been grown side by side from the vapor phase m 
temperatures of 2600°C. These growing experiments 
lasted several hours. It is therefore concluded that cubit- 
SiC is stable at these temperatures and does not readily 
transform into hexagonal SiC in contrast to the con- 
clusions of Baumann.' However, it should be noted that 
the conditions in the present experiments are not tin- 
same as those found in commercial SiC furnaces. 

Difficulty was encountered in attempting to extend 
the solubility measurements above 300O°C. Even thr 
high-density graphite containers would not hold liqtii'l 
silicon at these temperatures. Furthermore the interpre- 
tation of the chemical analysis became difficult because 
the sample after cooling to room temperature usually 
contained silicon carbide, silicon, and carbon in a carlxm 
container. 

The phase diagram shown in Fig. 3 incorporates ilu- 




— tS — 70 — Jo w & ** — 5fe — W" w> ^ 
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FiQ. 5, Tentative phase diagram of the system G*»C Sot 
Hures above 108 abno*. 



»H. N. BaumaTm. J. Electrochem- Soc. 99, 109 (1952)- 
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' J. Basset, J. phvs. ndi 
•E.M. PtU. J. Phy*. t 
U M. Hamen f ConxXiw 
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SOLUBILITY OF CARBON IN SILICON AND GERMANISM 



Andinga described above, the melting point of carbon 
jivm Jy Basset,* and the melting point of aflieon given 
by PelL«° It confirms the general features of the dia- 
grams proposed by Nowotay tl al> ^ quoted b Hftn _ 
sen." Note that in Fig. 3 the ambient pressure is 
assumed to be high enough that solid or liquid phases 
*e always present This will be at ieast 108 atmos for 
pare carbon at J730*C, since this istte vapor pressure 
*ver carbon at the triple point* At lower temperatures 
Ike required pressure will be less. With a pressure of 
J5 atmos a temperature of about 3400°C can be 
reached. 4 

EXPERIMENTS WITH GERMANIUM 
The solubility of carbon in germanium has ap- 
parently not been previously reported. Using the fur 



1555 

partly Ge. Apparently the etch was unable to leach all 
the Ge from the graphite flakes because of the hydro- 
phobic nature of graphite. The residue was therefore 
roasted to Ck at 1000*0 in a quartz crucible to remove 
the Ge by the formation of volatile Ge(X After the 
remainder of the residue was weighed, it was then 
burned in 0, at 1000°C to form CO*. No evidence of 
GeO or GtOj was found after the oxidation, indicating 
that the residual Ge had indeed been removed from the 
graphite. 

The results axe shown in Ffe, 4. If the solubility line 
were extrapolated to the melting point of Ge. the con- 
centration of C in the liquid would be about 10 1 atoms 
per cm*. This is probably a lower limit. The carbon- 
geimamuzn system is npnideal and such an ertrap 



iace <hftwn in v;„ r ] T y J? 81 ? 6 "** Iur ~ tipn is inaccum^IE^rapolat«d solubility is a ta35>. 

tnd have ana^rf^rS if^ ^ 3l7QPC \ at lts atLtm S pogti N8 evidence oi comte nsri / 

• y requiremBnt that the up to temperatures of The C— Ge nh*<* 

SSSs^t^ ke ? t ^ ^ * be J£ 

r^ T^th^i. P . ^ faB«- At temperature?) tentative sketch is shown in Fig. S. A simple eutectic 
rVL* I ? ^T' 0f carbon dis30,ved in P"^ wrists very aliehtlv beWftt 

The samples were recovered by cracking apart the 



graphite containers. The germanium did not adhere 
to the graphite, and was in the form of a shiny slug. 
After weighing, the slug was etched in a mixture of one 
part UF in three parts HNOj. The residue was partly 
precipitated graphite in the form of small flakes and 
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THE Si-C AND G«-C PHASE DIAGRAMS* 

t 8 CAGE AND O. A. SLACK 

General Electric Research Laboratory , Schenectady, N f cw York 

Abstract — The solubility of carbon in silicon has been measured over ilw tcmperarure 
range 140«°C to 2900°C, The enthalpy of solution is 59 ± 3 kcal/mol. A phase diairrnm for 
ihe system Si-C is presented, embodying these solubility data as well aa the results of 
other high temperature experiments with silicon carbide. It is found that SiC possesses a 
peritectic point at 2830 ± 40°C. These studies were carried out in argon at pressures as 
high aa 35 atm, Solubilities of carbon in germanium were measured In the temperature range 
27H0°C to 3170'C, « argon pressures up to 55 atm. 



In the literature on silicon carbide, one finds reference to the fact that SiC decomposes 
at high temperatures. The temperature at which this occurs has been variously cited, 
and values from 2200 °C 4 -* ro 2700 fl CM may be found. This wide range, and the fact 
that most, if not all of these studies were done under non-equilibrium conditions, Iliads 
to the belief that a true decomposition of bulk SiC is not what has been observed, hut 
instead a dissociation of che surface caused by preferential evaporation of silicon from the 
SiC, The heat of formation data of Humphrey et when extrapolated to higher 
temperatures, indicate that decomposition may occur near 2600 °C. If SiC could be 
melted without the occurrence of bulk decomposition, then crystals couid be grown from 
the melt, Even if SiC docs not possess a melting point, further knowledge of the phase 
diagram of the system Si-C would be useful in crystal growing work. 

To investigate the behavior of SiC at elevated temperatures and pressures, the 
furnace shown in Fig, 1 was built, A water-cooled pressure vessel surrounds the graphite 
furnace assembly seen in the center. The vessel will hold a pressure of as much as 
1000 lb/in.*; this dense atmosphere retards the evaporation of silicon which would 
otherwise be quite troublesome. 

Figure 2 shows a cross-section of the Furnace assembly. All the parts are made of 
graphite- The two current terminals support a tubular heater, two radiation shield?, and a 
container which was used in the experiments on the solubility of carbon in silicon. The 
container is supported in such a way thai it carries no current. About 50 kW is available to 
heat this assembly, enabling temperatures of about &>00 e C to be reached- 

Optical pyrometry is the only reasonably accurate way of measuring temperature 
above 1900 °C, which is the limit fur platinum-alloy thermocouples. A sight tube and 
window are provided in the side of the pressure vessel, and openings are left in the 
radiation shields and heater tube to allow measurement of the internal tempera ture of the 
furnace. Corrections to the pyrometer reading must be made for window transmission 

* A more complete account of this work has been accepted for publication in the Journal of 
Cturrtricat Pkyrici. 

1A 
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To determine the solubility of C in Si, the inner container was filled with Si. The 
container was sealed with a tight fitting plug, assembled into the furnace and heated to 
some temperature between 2100 fl C to 2900* C. Thermal equilibrium was achieved quite 
rapidly, and the sample was held at a fixed temperature for one or two minutes, after 
which the power was shut off- Then the furnace temperature decreased rapidly by 
radiation cooling and the Si inside froze. The graphite container was removed from the 
furnace and burned away from the Si by hearing in 0 a * The original charge of Si can be 
accounted for as follows: 

1. Some had reacted with the container, forming a micro-crystalline mass of SiC 
within the pores of the graphite. 

2. Some remained within the container as elemental Si, frozen into a slug. This ranged 
from 10 to €0 per cent of the initial charge of 500 mg. 

3. Some combined with the dissolved C in the liquid Si, and precipitated within the 
frozen slug of Si as SiC. No free C was found inside the slug of Si, 

4. Very little, if any, Si was lost by evaporation because of the blanketing effect of the 
high pressure argon atmosphere, and the low permeability of the high density graphite. 

The loosely adhering SiC* formed by reaction with the container, was carefully 
removed from the frozen slug. The slug was then weighed, etched in HF-HNO, to 
remove the Si, and the remaining SiC found inside the Si slug was weighed. With these 
data the solubility could be found for the temperature in question. 
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Fjc. 3. The *o1ubility of earbon in silicon 38 3 function of reciprocal tLiupcrature- 
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Below 2000 *C the solubility is sq low that an accurate determination with 500 mg of 
Si solvent was impossible. Two runs of 10 and 20 g melts were done in recrystallized 
alumina crucibles, with a different furnace arrangement in the pressure vessel. Here a 
weighed single crystal of SiC was included In the melt, and its weight loss combined with 
the known weight of Si in the* melt enabled the solubility to be found. 

Finally, Dash 2 performed a measurement of the solubility at the Si melting point, 
again by measuring the weight loss of a single crystal of SiC. His melt of Si was supported 
on top of a pedestal 1 of Si in vacuum. The SiC crystal rested on the liquid-solid inter- 
face, so there is little question of temperature measurement accuracy. 

These data are all summarised in Fig, 3. The consistency of the results of the various 
experiments is good. Two points of particular interest are the solubilities of carbon in 
liquid St at the Si melting point, 5 X 10^ 3 atom per cent (5 X \Q V C/cm* Si),and at the 
decomposition temperature of 2830 *C. This is the maximum temperature at which SiC 
could be grown from a Si solution, and the carbon content of the melt here is 19 atom 
per cent. This high solubility indicates that growth from solution is feasible. The vapor 
pressure of Si over Si* and over SiC 3 at this temperature is of the order of 1 arm and 
rising rapidly, so the need for a pressurized atmosphere to maintain stable conditions for 
any length of time is. apparent. 

Another way of plotting these data is on a temperature vs. composition phase diagram, 
Fig. 4* The behavior of SiC at the decomposition temperature is more clearly seen. This 
temperature, 2S30 C C, was found by heating samples of SIC grain in containers such as 




2S> 30 40 SO 60 
1TOU >C*C0lT C 



Fjc. 4. Phase digram of the binary system Si-C. 
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were used for the solubility measurements. All samples whose temperature exceeded this 
value were decomposed, while none were affected which were cooler. Two fortunate 
trials, one with hexagonal SiC and one with cubic, were half decomposed and half not, 
so the temperature was determined as closely as pyrometry errors will allow. 

Some measurements have also been performed on the C solubility in Ge, in a manner 
similar to that used for Si. Figure 5 shows a tentative Ge-C phase diagram based on these 
measurements. Solubilities of 12 per cent at 3170 °C were reached, where the Ge vapor 
pressure is several atmospheres. No evidence of compound formation was seen. A very 
rough extrapolation of these data to the melting point of Ge can be made, indicating that 
the C solubility in liquid Ge at this temperature is of the order of I0 W C/cm 3 Ge. 
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FiC 5. Tentative phage diagram of the binary system G«-^C. 
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